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Abstract 

The chemical and electrochemical properties of solutions of titanium chlorides in the fused CaCl 2 + NaCl equimolar mixture 
were studied at 550°C using different working electrodes. We determined the stability range of the various oxidation states of 
titanium and calculated the standard potentials of the Ti(III)/Ti0I) and Ti(II)/Ti(0) redox couples, the solubility products of the 
titanium oxides, the kinetic parameters of the electrochemical systems at the different electrodes and the diffusion coefficients of 
the electroactive species. We have also studied the titanium electrodeposition process by potential step measurements which 
indicated instantaneous nucleation of titanium at tungsten substrates. All these data allowed us to build-up the potential-pO 2 ^ 
diagram which summarizes the properties of Ti-O compounds in the melt studied and can be used (together with the E-pO 2 
diagram of chlorinating gaseous mixtures) to predict operating conditions for the process of industrial production of metallic 
titanium from molten salt systems. © 1997 Elsevier Science S.A. All rights reserved. 

Keywords: Molten chlorides; Refractory metals; Titanium chlorides; Titanium electrodeposition; Kinetic parameters; Solubility 
products; E-pO 2 " diagrams 



1. Introduction 

Besides the well known industrial production of 
metallic titanium based on metallothermic reduction of 
TiCl 4 (Kroll process [1]), an alternative process that 
employs molten TiCl 4 -f alkali chloride baths at low 
temperatures has been sought since the early 1950s. 
Thus the electrodeposition of titanium from molten salt 
systems has been investigated by many researchers [2- 
7] using either alkali chloride or alkali fluoride + chlo- 
ride based systems at temperatures from 450 to 850°C 
using TiCl 4 as the raw material. 

However, important discrepancies between the vari- 
ous results available in the literature have been found. 
This is because the electrodeposition process of tita- 



nium is very complicated, due to the lower valent com- 
pounds of titanium (Ti 2 + , Ti 3 + ) which exist in the 
electrolytic bath and the reactions between metallic 
titanium and tetra- or trivalent titanium ions [8-11]. It 
has been demonstrated by several workers [12,13] that 
an equilibrium exists between the three constituents (Ti, 
TiCl 2 and TiCl 3 ) and tha* the equilibrium: 



Ti + 2Ti(III)^>3Ti(II) 



(1) 



is displaced far to the right in most alkali chloride 
melts. 

On the other hand, the different oxidation states of 
titanium are interrelated by four disproportionation 
reactions which may occur simultaneously according to 
Chassaing et al. [14]: 
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3TiCl 2 <*Ti + 2TiCl 3 



(2) 
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2TiCl 3 oTiCl 2 + TiCI 4 
4TiCl 3 oTi + 3TiCl 4 
2TiCl 2 <=>Ti + TiCl 4 



(3) 
(4) 
(5) 



The above reactions are heterogeneous (solid Ti metal, 
gaseous TiCl 4 in equilibrium with the soluble complex 
M 2 TiCl 6 ). The workers obtained marked dependence 
on the experimental conditions such as temperature, 
nature of the atmosphere, surface area of the titanium 
exposed and the nature of the cation in the molten 
alkali chloride at 700°C. 

In fluoride + chloride mixtures, Ti(III) is supposed to 
be reduced directly to the metal [15] and in pure 
fluoride melts (FLINAK), the TiF|~ species was found 
to be reduced to titanium metal from Ti(III) [16]. These 
studies indicated that there were differences in be- 
haviour of Ti ions in the two solvent systems, i.e. 
chlorides and fluorides. Notably, there was the non-ex- 
istence of an intermediate reduction step involving 
Ti(II) in fluoride or chloride + fluoride molten salts. 

The kinetics of the electrodeposition and electrocrys- 
tallization of titanium were studied in alkali chloride 
melts [17,18]. The studies were performed in dilute 
solutions of TiClj/TiCl, in binary mixtures of LiCl + 
KC1 eutectic and NaCl + KC1 eutectic, in NaCl and 
also in KC1 + LiCl + NaCl (40:20:40 moi%). Well 
defined voltammetric peaks corresponding to the reduc- 
tion step Ti(II) + 2e"oTi and the subsequent anodic 
dissolution of the deposit but ill-defined peaks for the 
red-ox Ti(III) + e - oTi(II) exchange were obtained. 
The cathodic reduction Ti(III)/Ti(II) was found to be 
irreversible while the Ti(II)/Ti reduction was quasi- 
reversible. 

Chemical and electrochemical properties of titanium 
compounds in molten LiCl + KC1 eutectic at 470°C 
have been studied extensively by Ferry et al. [19,20]. 
They demonstrated that operating conditions for selec- 
tive chlorination in molten salts of a complex ore can 
be predicted from fundamental data for the oxoacidic, 
oxobasic and redox properties of the components of the 
ore and of gaseous reagents in the melt, indicating that 
a low-temperature molten-salt process for the treatment 
of ilmenite or rutile and the subsequent electrowinning 
of titanium from the resulting melt solution of titanium 
(IV) chloride should be feasible. 

In addition to studies in chloride (both binary and 
ternary systems) and fluoride systems, Vire [21] also 
investigated electrolysis of titanium from Ti 2 0 3 + NaF 
and Ti 2 0 3 + cryolite mixtures. Electrochemical studies 
of titanium have also been performed in molten sodi- 
umtetrafluoroborate (NaBFJ at 420°C by Claiton and 
Mamantov [22] and by Schlain [23] in NaB0 2 and 
LiB0 2 melts containing small amounts of titanium ox- 
ides. Okada et al. [24] made studies of titanium chlo- 
rides in LiN0 3 (mp 132°C) and NaN0 3 (mp 218°C). 



Moreover, electrochemical studies in molten A1C1 3 + 
alkali halides have received considerable attention in 
the last two decades [25]. Due to their acid-base charac- 
ter combined with the low liquidus temperatures, 
chloroaluminate are good media for studying unusually 
low oxidation states. 

The purpose of our investigation was to determine 
fundamental data necessary to conceive a process in- 
cluding both treatment of titanium ores and subsequent 
electrowinning of metallic titanium in \ single melt. 
Results from electrochemical experiments associated 
with thermodynamic data of the literature allowed us to 
set up potential-oxoacidity (pO z ~) diagrams summariz- 
ing the properties of Ti-O compounds and of chlorinat- 
ing gaseous mixtures in molten CaCl 2 + NaCl 
equimolar mixture at 550°C. Analysis of these diagrams 
led to a forecast of operating conditions for performing 
the aimed process. Moreover we have undertaken a 
systematic study of the electrochemistry of titanium. In 
this way, we have studied both the Ti(III)/Ti(II) and 
Ti(II)/Ti(0) systems in order to have at our disposal 
fundamental data for the last stage of the molten salt 
process for titanium extractive metallurgy. 

2. Experimental 

2.1. ^Apparatus and purification of the melt 

The equimolar mixture (CaCl 2 and NaCl analytical 
grade) was melted in a 100-cm 3 alumina crucible placed 
in a quartz cell inside a furnace. The temperature of the 
furnace was controlled to ± 2°C by a West 3300 pro- 
grammable device. All handling of the salts was done 
inside a glove box. 

The mixture was fused under vacuum, then raised to 
atmospheric pressure using dry argon, purified by bub- 
bling HC1 through the melt for at least 30 min, and 
then kept under argon atmosphere [26]. 

2.2. Electrodes 

The pO 2 " indicator electrode consisted of a tube of 
yttria-stabilized zirconia, supplied by Degussa (inner 
diam. 4 mm; outer diam. 6 mm), filled with molten 
CaCl 2 + NaCl and containing oxide and silver ions in 
which a silver wire was immersed (inner reference 
Ag|Ag + ). The reference electrode consisted of a silver 
wire (0.5 mm diameter) dipped into a quartz tube 
containing a solution of silver chloride in CaCl 2 + 
NaCl. 

The 1-mm diameter tungsten and molybdenum wires 
and 3 mm glassy carbon rods were used as working 
electrodes.The counter electrode was a tungsten wire or 
a graphite rod. The electrode active surface area was 
determined by the depth of immersion and corrected 
for the height of the meniscus. 
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2.3. Preparation of titanium solutions 

The chemical stability of solutions is an important 
parameter which must be controlled to ensure repro- 
ducible electrochemical measurements. 

The experimental problems related to the low solubil- 
ity of TiCl 4 prevented the preparation of stable solu- 
tions of Ti(IV), which is quickly lost from the melt. The 
'in situ* reduction of this compound by hydrogen to 
obtain TiCl 3 requires a complex experimental device 
and it is hard to know the exact amount of salt 
introduced to the melt, for which the Ti(III) solutions 
were always prepared by direct addition of weighed 
amounts of solid TiCl 3 which was kept in a dry glove- 
box until its use, stored under an argon atmosphere and 
used without further purification. 

Ti(II) solutions were prepared by two different ways: 
(i) anodic dissolution of a high-purity titanium wire 
(Aldrich, 99.99%, 1-mm diameter) at constant current, 
which is the technique currently used in our laboratory. 
During coulometric experiments a tungsten spiral foil 
was used as a counter electrode which was separated 
from the melt by a quartz tube with a glass frit. To 
ensure that Ti(II) is the anodization product, the weight 
loss of the titanium wire was determined after the 
passage of a certain charge, (ii) Addition of TiCl 3 in the 
presence of excess of metallic titanium to allow the 
following equilibrium: 

2TiCl 3 + Tio3TiCl 2 ( 6 ) 

to be established. This has already been used in other 
molten chlorides [17-20]. The progress of the reaction 
was followed by voltammetry. The voltammetnc prop- 
erties of these solutions were identical to those of 
solutions prepared by anodizing titanium metal as de- 
scribed above. 

2.4. Determination of titanium 

The total concentration of dissolved titanium was 
confirmed by taking samples during and at the end of 
the experiments and then analyzed by gravimetric anal- 
ysis as following. The sample containing Ti(III) or 
Ti(II) ions was dissolved in water with 1:1 (v/v) hy- 
drochloric acid and addition of concentrated HN0 3 to 
make sure that all the titanium exists as Ti(III). NH 3 is 
added until the solution is nearly neutral (a point were 
the solution is lightly turbid, the precipitate dissolving 
upon vigorous stirring). First, 5 cm 3 of glacial acetic 
acid followed by 15 g of ammonium acetate or its 
equivalent in solution was added and the volume of the 
solution was made up to about 350 cm 3 . The solution 
was brought rapidly to boiling and maintained in ebul- 
lition for about 3 min. The titanium will precipitate in 
a white, flocculent and readily filterable condition. The 
precipitate is washed first with water containing acetic 



acid and finally with pure water. The filter and the 
precipitate were firstly dried cautiously at approxi- 
mately 120°C and then ignited over an oven (tempera- 
ture » 800°C). The residue is weighed as Ti0 2 . 

2.5. pK s determinations 

With the reference and zirconia electrodes placed in 
the melt, a known amount of Ti(III) or Ti(II) was 
titrated with oxide ions added as sodium carbonate 
which dissociates completely into 0 2 ~ and gaseous 
carbon dioxide [26]. Continuous stirring with dried 
argon was required and the carbonate additions were 
made every hour (that corresponds to the stabilization 
of the potential after each addition) 

2.6. Electrochemical apparatus 

Cyclic voltammograms were obtained with a PAR 
EG&G Model 273A potentiostat/galvanostat con- 
trolled by the PAR EG&G M270 4.10 software pack- 
age. The simulated voltammograms were recorded with 
M271 COOL kinetic analysis software (PAR). 

The emf measurements were performed with a high 
impedance voltmeter Crison 2002 and the coulometric 
experiments were conducted by the use of a Metrohm 
Herisau Coulostat E524 apparatus. 



3. Results and discussion 

3.1. Electrochemistry of titanium 

3. LI. Characterization of the voltammetric waves: 
stable oxidation states 

Special attention was devoted to the working elec- 
trode material. The anodic and cathodic limiting pro- 
cesses in the melt are chlorine evolution and alkali 
metal deposition respectively [27]. The theoretical useful 
potential range of the melt is 3.585 V, which can be 
calculated from the thermodynamic data. In fact, AE is 
related to the Gibbs energy change AG in the reaction: 

(7) 



(8) 



Na+l/2Cl 2 <-NaCl 
by the classical relation: 
AG = - nFAE 
The value of AG is easily determined from the Gibbs 
energy AG 0 of the reaction involving pure compounds, 
and from the activity of NaCl in melt: a NaC i = 0.27 at 

550°C [28]. . 

We tried to find an electrode material which had such 
a wide range of electrochemical stability. The working 
electrode materials were tungsten, molybdenum and 
glassy carbon. Tungsten does not alloy with the alkali 
metals.The experimental electroactivity range obtained 
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Fig. 1. Cyclic voltammograms obtained at tungsten (0.25 cm 2 ), 
molybdenum (0.28 cm 2 ), and glassy carbon (■ • •) (0.82 cm 2 ), elec- 
trodes in pure CaCU + NaCl melt. Sweep rate 0.2 V s" 

by extrapolating the limiting anodic polarization curve 
to zero current (see Table 1) is higher than the theoret- 
ical value, indicating an electrochemical reaction over- 
voltage for chlorine evolution. Molybdenum exhibits a 
high degree of electrochemical stability, but its practical 
oxidation potential is different from the value of chlo- 
rine evolution, indicating that molybdenum can be 
dissolved anodically; similar behaviour was observed by 
some authors in other molten chlorides [29]. In addi- 
tion, glassy carbon is useful for studying reactions 
involving the highest oxidation states of the electroac- 
tive species and the oxidation of the chlorine ions which 
constitute the anodic limit of the solvent. At negative 
potentials the limiting processes are underpotential de- 
position of sodium and calcium carbide (see Table 1, 
Fig. 1). 




-0.2 



Table 1 

Electrochemical window of the equimolar CaCU + NaCl at the differ- 
ent substrates 





Glassy carbon 


Molybdenum 


Tungsten 


A£/K versus 


3.400 ± 0.030 


2.800 ± 0.030 


3.620 ± 0.030 


cya- 









Fig. 2. Typical cyclic voltammogram for the reduction of titanium 
trichloride (2.21M0" 4 mol cm" 3 ) on a tungsten electrode at different 
shift potentials. Sweep rate 0.2 V s" '. S = 0.22 cm 2 . 



Typical voltammograms for the reduction of Ti(III) 
solutions are shown in Fig. 2. The voltammograms 
show the same general features at tungsten, molybde- 
num and glassy carbon where the reduction of titanium 
trichloride takes place in two steps. In zone 1, the 
cathodic wave A associated with the anodic wave A', 
which shapes are characteristic of a soluble-soluble 
exchange, are related to the Ti(III)/Ti(II) exchange. 
Moreover, zone 2 shows a cathodic peak B and one 
sharp anodic stripping peak B' characteristic of a sys- 
tem involving an insoluble compound; it corresponds to 
the Ti(II)/Ti(0) system. This was confirmed in different 
ways: (i) working with a pure titanium metal electrode 
in a solution containing Ti(II) ions the voltammograms 
showed that the potential domain for titanium forma- 
tion falls in the same range as those observed in Fig. 2.; 
and (ii) the deposit of the metal obtained under poten- 
tiostatic conditions consisted of pure metallic titanium 
which was determined by energy dispersive X-ray anal- 
ysis using the scanning electron microscope (Fig. 3). 

We have also used square wave voltammetry (SWV) 
to investigate the stable oxidation states of titanium in 
the CaCl 2 + NaCl melt. This technique was described in 
detail by Osteryoung et al. [30] and Ramaley et al. [31]. 
The potential-time function consists of the sum of a 
synchronized square wave and of a staircase potential 
ramp. The current is sampled at the end of every half 
wave and then differentiated. This allows capacitive 
and residual currents to be eliminated and makes the 
method highly sensitive. 

For a simple reversible reaction, the net current-po- 
tential curve is bell-shaped and symmetrical about the 
half-wave potential, and the peak height is proportional 
to the concentration of the electroactive species. 
Whenever there is any interference between the peaks, 
deconvolution software can be used to separate the 
total signal into its components. 

According to Baker et al. [32] and Osteryoung et al. 
[33] the width of the half-peak, W 1/2 , depends on the 
number of electrons exchanged and on the temperature 
as follows: 

W U2 = 3.52RTfnF (9) 

This equation corresponds to a reversible exchange, but 
we can choose the appropriate experimental conditions 
(i.e. frequency of the square signal) where the system 
behaves reversibly. 
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Fig. 3. SEM micrograph showing titanium deposited under potenlioslatic conditions (— 1400 mV). 



Fig. 4 presents a net-current square wave voltam- 
mogram for the reduction of a Ti(III) solution at a 
tungsten electrode. The n-values obtained are close to 1 
and 2, which confirms that the exchanges are Ti(III)/ 
Ti(Il) and Ti(II)/Ti(0), respectively. 

No existence of Ti(IV)/Ti(III) exchange was observed, 
probably due to the low solubility of gaseous TiCl 4 . 

On the contrary, when the experiments were carried 
out in the eutectic LiCl + KC1 we could see an anodic 
peak associated with a narrow cathodic peak corre- 
sponding to the oxidation of Ti(III) to Ti(IV) which 
leads to the formation of the insoluble Li 2 Ti0 3 giving the 
sharp peak during the reverse scan which is characteristic 




-0.2 



Fig. 4. Net-current square wave voltammograms for the reduction of 
Ti(lll) at a tungsten electrode in CaCU + NaCl (T = 550°C). Pulse 
height: 25 mV; potential step: I mV; frequency: 60 Hz. S = 0.22 cm 2 . 



of the formation of a solid compound adhered to the 
electrode. A similar behaviour was observed by Ferry el 
al. [19,20]. However, they claim that the existence of the. 
sharp peak was assumed to the formation of gaseous 
Ti(IV) by oxidation of Ti(III). 

The A/A' and B/B' exchanges were studied separately. 

3.1.2. Ti(UI)ITi(II) exchange 

A detailed investigation of the Ti(III)/Ti(II) redox 
system (Peaks A/A') was performed. A series of normal- 
ized voltammograms was recorded in an equimolar 
CaCl 2 + NaCl purified bath containing TiCl 3 , for a 
variety of concentrations and sweep rates, by using 
different substrates. As an example, Fig. 5a shows the 
cyclic voltammograms obtained at a tungsten electrode. 
In all cases, plots of the negative peak current versus the 
square root of the sweep rate were found to be linear 
which indicates that the reaction is diffusion controlled 
(Fig. 5b). From the slope of such plots, the diffusion 
coefficient of Ti(III) ions has been calculated and the 
values obtained are collected in Table 2. 

Analysis of the voltammograms showed that the 
potential peak does not change with increasing sweep 
rate for values up to 0.5 Vs _l (Fig. 5c), whereas at 
higher scan rates it shifted to more negative potentials. 
This is probably due to the non-reversibility of the 
process. Estimation of the value of the transfer coeffi- 
cient, a, was then possible (Table 3) by applying the 
equation: 



A£,7A log v = 23RT/2<y.nF 



(10) 
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Fig. 5. (a) Cyclic voltammograms for the Ti(III) reduction at a 
tungsten electrode. Sweep rates: v/Vs" 1 (1) 0.2; (2) 0.3; (3) 0.4; (4) 
0.5; (5) 0.6. (b) Variation of the cathodic current peak with the square 
root of the sweep rate corresponding to the voltammograms for 
Ti(III)/Ti(II). (c) Variation of the cathodic peak potentials with the 
logarithm of the sweep rate corresponding to the voltammograms for 
Ti(III)/Ti(II). Experimental conditions: (A) Tungsten: S = 0.22 cm 2 ; 
(TiCl 3 ] = 2.2l-10- 4 mol cm" 3 . (■) Molybdenum: S=0.25 cm 2 ; 
[TiCl 3 ) = 4.44 10" 4 mol cm-* 3 . (□) Glassy carbon: S = 0.67 cm 2 ; 
(TiClj] = 8.00 • 1 0 " 4 mol cm " 3 . 



Table 2 

Titanium(III) difTusion coefficients obtained on each substrate by 
different electrochemical techniques 



TECHNIQUE 


10 s D/cm 2 s-' 






Glassy carbon 


Molybde- Tungsten 
num 


Voltammetry 
Convolution 


(1.0 ±0.1) 
(1.3±0:i) 


(1.0 ±0.1) (0.99 ±0.01) 
(1.2 ±0.1) (1.6 ±0.1) 


Table 3 

Values of the charge-transfer coefficient, a, for the Ti(HI)/Ti(II) 
exchange obtained by means of Eq. (10), at different substrates 


Working electrode 


a 


Tungsten 
Molybdenum 
Glassy carbon 




0.49 ± 0.05 
0.53 ± 0.05 
0.37 ± 0.05 



In addition, the linear potential sweep data were 
transformed, according to the convolution principle 
[34,35], into a form resembling a steady-state voltam- 
metric curve. The main advantage that can be expected 
from the use of convolution procedures in treating the 
voltammogram data is that the accuracy in the mecha- 
nism determination is better, since the information 
available along the whole I-E curve is used instead of 
only the peak values. The semi-integrals for some 
voltammetric curves are shown in Fig. 6. When viewing 
the convoluted curves, one observes the occurrence of a 
plateau proving difTusion control. Moreover, the con- 
voluted curves were very similar when increasing the 
sweep rate, but the direct and reverse scans were not 
identical for any of the substrates studied, which is 
probably due to some irreversibility of the Ti(III)/Ti(II) 



0.015 




Fig. 6. Cyclic voltammogram, its corresponding convoluted curve and 
the logarithmic analysis of the convoluted data following a quasi-re- 
versible model. Sweep rate: 0.8 Vs" 1 . 
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-0.1 



Fig 7 Cyclic sweep voltammogram of TiCl 3 reduction at a glassy 
carbon electrode. ( ) Experimental results; (■ • ■) simulated re- 
sults corresponding to a quasi-reversible process. Sweep rate, 0.9 V 



process. On the other hand, the diffusion coefficient of 
Ti(III) was obtained when the transformed current data 
reached the limiting values from the equation: 



m* = nFSc 0 D U2 



(ID 



where m* is the maximum of the semi-integral of the 
voltammetry current, c 0 is the bulk concentration of the 
electroactive species, D is the diffusion coefficient and S 
is the electrode surface area (see Table 2). 

In addition, we have carried out the rigorous analysis 
of the convoluted curves according to quasi-reversible 
reaction, by applying the equation [36]: 



Table 4 L . . e . 

Kinetic parameters of Ti(III)/Ti(II) exchange obtained from the 
analysis of the convoluted curves according to a quasi-reversible 
model 



Substrate 



Log^/cms" 1 ) 



Tungsten 
Molybdenum 
Glassy carbon 



-1.88 ±0.04 
-1.88 ±0.20 
-1.89 ±0.08 



0.48 ± 0.04 
0.39 ± 0.08 
0.40 ± 0.02 



Table 5 



Values of the kinetic parameters corresponding to the Ti(III)/Ti(H) 
exchange calculated by using the M271 COOL simulation computer 
program, at different electrodes 



Substrate 



LogC^/cms- 1 ) a 



Tungsten -(0.718 ± 0.001) -2.18 ±0.04 

Molybdenum -(0.727 ± 0.009) -1.91 ±0.31 
Glassy carbon - (0.7 1 7 ± 0.006) - 2.28 ±0.04 



0.40 ± 0.03 
0.37 ± 0.09 
0.41 ±0.02 



0.12 



0.08 



0.04 



-0.04 



-0.08 




Fig 8 (a) Cyclic voltammograms obtained on a molybdenum elec- 
trode showing the reduction of Ti(II). Sweep rates: v/V s (1) 0.2; 
(2) 0 3- (3) 0.4; (4) 0.5; (5) 0.6. TiCl 2 concentration: 1.6-10 mol 
cm" 3 Electrode area: 0.38 cm 2 , (b) Variation of the cathodic peak 
potential with the logarithm of the sweep rate. (A) Tungsten, and 
(■) molybdenum electrodes. 



(12) 



(13) 



E = E o + (23RT/anF) \og(k°/D 1/2 ) 

+ (23RT/ccnF) log B 
where 

B = [m* -m-m txp{(nF/RT)(E - £?)}]// 

k° and a are the charge transfer rate constant and the 
-transfer coefficient respectively, m is the convoluted 
current and El is the standard potential of the Ti(III)/ 
Ti(II) system which was estimated from voitammetric 
measurements by applying the relationship: (£ pa + E pc )/ 
2 (assuming that the Ti(III) and Ti(II) diffusion coeffi- 
cients are similar, which will be confirmed later on). 

The average values of k° and a obtained from the 
plot of'E versus the logarithmic function of convoluted 
current are gathered in Table 4. According to the 
criteria of Matsuda and Ayabe [37], the exchange Ti- 
(III)/Ti(II) can be classified as quasi-reversible at all the 
substrates studied. 
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Fig. 9. Several cyclic voltammograms and their corresponding convo- 
luted curves obtained at a molybdenum electrode. Sweep rates: (I) 0.4 
and (2) 0.6 V s" 1 . 

In order to confirm these results, we have used a 
simulation computer program (M271 COOL kinetic 
analysis software 1.10 from PAR) [38], for a quasi-re- 
versible mechanism in which the charge-transfer rate 
constant, k°, the transfer coefficient, a, and the half- 
wave potential, E l/2 , were adjusted to give the best fit 
between the experimental and calculated results. We 
also tried to fit the system to a reversible process. 
However the best results were found for a quasi-re- 
versible process. Representative examples of these simu- 
lations are shown in Fig. 7 and the average values 
obtained are in Table 5. Comparing the values from 
Tables 4 and 5, it is possible to see the very good 
agreement between the different methods employed. 

3.1.3. Study of titanium electrodeposition 

The Ti(II)/Ti(0) exchange has been studied at the 
metallic electrodes W and Mo. 

The cathodic peak has the characteristics of a diffu- 
sion controlled process (steep rise and slow decay). The 
anodic peak also has the expected characteristics, in 
this case those of a stripping peak (decay steeper than 
rise). The ratios of the forward-to-reverse current peaks 
(fpj/pj are higher that unity, and the ratio QJQ C 
remains approximately constant at unity with increas- 
ing sweep rates, which indicates that all the deposited 

Table 6 

Values of the kinetic parameters corresponding to the Ti(II)/Ti(0) 
exchange calculated by means of the logarithmic analysis of the 
convoluted curves 



Substrate 


Log^o/cms- 1 ) 


a 


Tungsten 


-3.96 ±0.35 


0.59 ±0.08 


Molybdenum 


-3.77 ±0.64 


0.59 ±0.14 



-0.01 



-0.02 



-0.03 



-0.04 



-0.05 



-0.06 



-0.07 




Fig. 10. Example of current transient for electrochemical deposition 
of titanium on a tungsten electrode. Potential step: - 1 .20 V. 

material is removed electrochemically during the posi- 
tive sweep, that the Ti adhesion to the electrode surface 
was good, and also that there are no conflicting chemi- 
cal reactions coupled to the primary electrochemical 
process. 

Overall, the voltammetric peaks for the deposition 
and stripping of titanium at tungsten and molybdenum 
electrodes are unremarkable in appearance. However, 
in both cases the voltammetric curves recorded at dif- 
ferent sweep rates (Fig. 8a), clearly show that the 
cathodic peak potential, (Fig. 8b) shifts negatively, 
and the peak potential half-peak potential separation 
[is — £ p/2 ], increases when the sweep rate is increased 
(v>0.5 and 0.7 Vs" 1 at molybdenum and tungsten 
electrodes respectively) giving values higher than ex- 
pected for reversible and purely diffusion controlled 
processes, suggesting some irreversibility of the Ti(II)/ 
Ti(0) system. 

In order to confirm these results we have performed 
the semi-integration of the voltammograms. The convo- 
luted curves obtained were very similar for the whole 
sweep rate range studied, however they do not remain 
identical from the direct to reverse scan as it can be 
observed in Fig. 9, showing the non-reversibility of the 
titanium deposition. 



Table 7 

Ti(II) diffusion coefficients obtained by different electrochemical tech- 
niques at different solid substrates 



Technique 


10 $ Z)/cm 2 s-' 




Tungsten 


Molybdenum 


Voltammetry 


(0.67 ± 0.03) 


(0.62 ±0.03) 


Convolution 


(1.7 ±0.2) 


(1.6 ±0.2) 


Chronopotentiometry 


(1.8 ±0.2) 
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Fig. 11. (a) Variation of the cathodic current peak with the square 
root of the sweep rate corresponding to voltammograms from Fig. 9. 
Experimental conditions: (A) Tungsten: S - 0.35 cm 2 ; [TiCl J = 
3.3- lO" 4 mol cm~ 3 . (■) Molybdenum: S = 0.38 cm 2 ; rnClJ = 
1.6-10"? mol cm" 3 , (b) Verification of the Sand's law. 

When the convoluted curves were analyzed further, 
we could extract an interpretation of the mechanism 
and the estimation of kinetic parameters by plotting the 
logarithmic function of convoluted current correspond- 
ing to a quasi-reversible exchange with formation of an 
insoluble product as a function of E [39]: 

E = E o + (2.3RTfocnF) log k° + (2.3RT/otnF) log A 

(14) 

A being, 

A = Km* - m)D ~ 1/2 + nFS exp{(nF/RT)(E - EX)} 1 1 

(15) 

where E° x is the standard potential of the Ti(II)/Ti(0) 
system and was calculated by voltammetry applying the 
following equation [34]: 

E p = E° x + (2.3RT/nF) log c Q - 0M9(RT/nF) (16) 

to those conditions where the electrochemical reaction 
is diffusion controlled, E p being the cathodic peak 



potential, c 0 the bulk concentration and n the number 
of electrons exchanged. R and T have the usual 
meanings. 

The values of the kinetic parameters so obtained 
confirmed the quasi-reversibility of the Ti(II)/Ti(0) ex- 
change at molybdenum and tungsten substrates (see 
Table 6). 

A further study of the electrochemical behaviour of 
Ti(II) was carried out by using chronopotentiometry. 
Logarithmic analysis of chronopotentiograms was car- 
ried out: plots of the electrode potentials versus 
log [1 - (//t) ,/2 ] were linear, but the slopes of the linear 
part of the curves were different from the theoretical 
value for a two-electron reversible exchange process 
(0.0816 V (decade)-') at 550°C. 

Moreover, I-t transients suggest that nucleation of 
metallic titanium on a tungsten electrode dominates the 
electrodeposition process. The appearance of these 
curves indicated that nucleation and growth phenom- 
ena play a part in the overall deposition process (Fig. 
10): each transient exhibits a charging current spike 
concurrent with the onset of the potential step followed 





0 Q5 1 15 2 25 3 



Fig. 12. (a) Potentiometric titration curve of 0.0108 mol kg" 1 Ti + 2 
solution by O 2 - ions added as solid Na 2 C0 3 . (b) Potentiometric 
titration of Ti + 3 solution (0.0248 mol kg" ') by O 2 " ions. 
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Solubility products of titanium oxides in the equimolar CaCl 2 + NaCI 
mixture at 550*0 



Equilibrium 


Expression for 
solubility product 


Stability constant, 
pFC, (molal scale) 


TiO (s) 
~Ti +2 + 0 2 " 
Ti 2 0 3 (s) 
~2Ti + 3 +30 2 ~ 
Ti0 2 (s) 
<-Ti +4 + 20 2 - 


K sl = [Ti + 2 ][0- 2 ] 
K 52 = (Ti +3 ] 2 [0- 2 ] 3 
K,3 = (T»^][0- 2 ] 2 


9.01 (a) 
9.82 (b) 

25.7 (a) 

25.8 (b) 

19.62 (b, rutile) 
8.91 (b, anatase) 



(a) Values obtained from potentiometric titration. 

(b) Values calculated from thermodynamic data. 



by a rising current due to the nucleation and growth of 
titanium nuclei. The rising current reaches a maximum, 
/ M , as the individual diffusion zones of the growing 
nuclei merge. The position of this maximum on the 
time axis, / Ml depends on the magnitude of the poten- 
tial step, and decreases as the applied potential is more 
negative. 

The most interesting part of the cathodic I-t tran- 
sients is the rising portion of the curves which obeyed 
an / against f 1/2 linear relationship demonstrating that 
initial stages of electrochemical deposition of titanium 
at a tungsten electrode can be explained in terms of a 
model involving instantaneous nucleation [40]. 

This result is in agreement with Haarberg et al. [18] 
who studied the electrodeposition of titanium from 
chloride melts and found instantaneous nucleation and 
growth of titanium nuclei at tungsten and stainless steel 
substrates. 



E/v 




Ti(TV) 



Ti(m) 



Ti(E) 



T.(s) 



Na(liq) 



12 16 



20 



Fig. 13. Potential-pO 2 " diagram for titanium in equimolar CaCi 2 + 
NaCl mixture at 550°C Conditions: ( ): [Ti + 3 ] = 1 mol kg~ '; 



[Ti + 2 ]=10- 5 mol kg-'; ? rK tv) 



= 1 atm. ( ): [Ti + 3 ]= 10" 



3.1.4. The diffusion coefficient of Ti(H) 

The diffusion coefficients, Z) Ti(Il) , given in Table 7, 
were calculated from different electrochemical tech- 
niques by applying the appropriate equations. It has to 
be indicated that although a tungsten or molybdenum 
wire was used as working electrode, all the formulas 
used are relevant to planar semi-infinite diffusion be- 
cause under the experimental conditions, the correc- 
tions related to cylindrical geometry can be neglected 
[41-44]. 

It is quite common for a process that is reversible at 
low sweep rates to become irreversible at higher ones 
after having passed through a region known as quasi- 
reversible at intermediate values [45]. This transition 
from reversibility occurs when the relative rate of the 
electron transfer with respect to that of mass transport 
is insufficient to maintain Nernstian equilibrium at the 
electrode surface. This change on the reversibility of the 
system can readily be seen from the plot of 1^ as a 
function of v 1 ' 2 . In this way, 1^ versus v U2 plots 
corresponding to the voltammograms obtained at tung- 
sten and molybdenum substrates (see Fig. 11a) showed 
a change in the slope at the same value of the sweep 
rate for which we studied the reversibility of the system 
(y>0.5 and 0.7 Vs -1 at molybdenum and tungsten 
electrodes, respectively). 

We have demonstrated above that the electrodeposi- 
tion of titanium is a quasi-reversible process. In that 
case, most authors consider that the Berzins-Delahay 
equation [46]: 

/ p = 0.6\(nF) v \RT) " l ' 2 Sc 0 D 1/2 v v/2 0?) 

for a reversible diffusion-controlled process can be 
used. When calculating the value of the diffusion coeffi- 
cient from the slope of the plot / p versus v I/2 , we 
obtained a value lower than those extracted from other 
electrochemical techniques (see Table 7) which indicates 
that in our conditions it is not fully correct to apply this 
equation. 

As we said before, the convoluted curves obtained at 
different sweep rates exhibit a well defined limiting 
current, indicating that there is no significant change in 
the electrode surface area during the scan, i.e. the 
titanium deposit does not increase the surface of the 
electrode to the point that it affects the limiting current 
for the Ti(II) reduction wave. The Ti(II) diffusion 
coefficient was computed from the boundary semi-inte- 
gral values by means of Eq. (11). 

Chronopotentiometric studies of the reduction of 
Ti(II) ions obeyed Sand's law: 



lTW = ^nFSc 0 D x ' 2 K 1 ' 2 



(18) 



mol kg" 1 ; (Ti + 2 ]= 10" 2 mol kg" 1 ; P-n ( !V) = 1 atm. 



Transition times for several current densities were mea- 
sured [34] and the resultant / versus 1/t ,/2 plot yielded a 
straight line, indicating that the fluxes of Ti(II) species 
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System 



Expression of the equilibrium potential 



Standard potential vs OJCl" at I atm/V 



Ti(II) + 2e-~Ti(s) 
Ti(III) + e-<=>Ti(Il) 
Ti(IV) + e-~Ti(III) 
Ti0 2 -fe-oTi(III) + 20 2 - 
3Ti0 2 + 2e-<^TI 3 0 3 + 0 2 - 
Ti 3 0 5 + e-o3Ti(IIi) + 50 2 - 
2Ti 3 0 5 + 2e" *>2Ti 2 0 3 + O j " 
Ti 2 0 3 + 2e -<>2Ti(II) + 30 2 " 
Ti 2 0 3 + 2e-o2TiO + 0 2 " 
TiO + 2e-<^Ti(s) + 0 2 " 



9 IDT 

Lb 



_ 2.3*r r Ti(ui)1 



^ r-o 2.3/^r, P T iC14 



E = £°-H^ iogrri(iii)3 + ^ 2 P o 2 - 



23RT _ 
£=£1+-^r- pO 2 " 



E ^ E oJ^L 3 logr ri(III)] + ^ 5p0 2 " 



£== 2 log[Ti(II)] + ^ 3p0 2 " 

2.3/*r ^, 
2.3/?r 



£°= -2.013 



£5= -1.945 



£?= -0.909 



£o = £o_^I p K,(Ti0 2 )...^ 



£f= -1.995 



£o = £O_^I pK$ (Ti30 5 )...£^ 



£° = -2.032 



= -4.111 



-8.413 



£ ? = £5-^^ pK,(Ti 3 0 5 )..^S 



£2- -2.450 



= -9.449 



2.3/*r 



£o 0 = £o_±f^L pKs(Ti o)...£? 0 = -2.814 



were diffusion controlled (see Fig. lib), and from 
which slope we could determine the diffusion 
coefficient. 

3.2. Stability of pure titanium oxides and equilibrium 
potential-p0 2 ~ diagram of titanium 

A knowledge of the oxo-acidity properties in the 
molten salt mixtures also allows their influence on the 
oxidation-reduction and electrochemical properties to 
be predicted. As emphasized before [47-55] the main 
phenomena can be expressed in diagrams of equi- 
librium potential versus pO 2 " . 

The composition of titanium oxides as well 'as their 
solubility products can be theoretically determined by 
analysis of the curves for potentiometric titration of 
oxide ion with an oxoacid (Lux-Flood oxoacidity 
[56,57]) or viceversa. The variation of pO 2 - (equal to 
the cologarithm of oxide ion activity) was measured 
experimentally by means of an yttria-stabilized zirconia 



membrane electrode (YSZME) which has a Nernstian 
behaviour in this melt [28]. 

In order to determine the solubility product of TiO, 
K s „ we have carried out the titration of Ti 2 + by O 2 
ions (added as sodium carbonate) (Fig. 12a). The po- 
tential values of the YSZME show only one equiva- 
lence point a (defined as the ratio of added ion and the 
initial Ti(II) concentration, c 0 ) equal to 1. The corre- 
sponding solubility products were determined by apply- 
ing the Gauss-Newton non-linear least-squares method 
to the equation of the corresponding titration curve. 
The value obtained is shown in Table 8. 

The experimental titration curve for solid TiCl 3 
against O 2 " was obtained in the same way. The poten- 
tial values obtained after successive additions of known 
amounts of sodium carbonate to a solution of Ti(III) 
with an initial concentration c c = 0.02476 mol kg 1 are 
plotted in Fig. 12b. Only one equivalence point can be 
observed for a stoichiometric ratio 



a[C0 2 -] add . d /rriCl 3 ] initiaI =1.5 



(19) 
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Equilibrium potentials and values of standard potentials or some redox systems in the equi molar CaCU + NaCl melt (potentials versus CUJCV 
at I atm; molality scale; pressure, atm; T, K) 

System Expression for equilibrium potential rW^Sw 



2C|--2e-~Cl 2 (g) £=£S + 2.3^r(2F)-MogP(CU) fi = °o4 fi6 

02-_2e-~l/20 2 (g) £=£? + 2.3/?r-(4F)-' log P(0 2 ) + 2.3/?r (2fr 'pO 2 ' £? = -0 .466 

S,(g)-2e- + 2CrZ:2Ha £=£ S+ 23/er.F-MogP(Ha)-2^r.(2^-M ? gP(H 2 ) .03 

C(s)-2e-+0 2 --CO(g) £=£? + 2.3/?r (2F)-' log P(CO) + 2.3/?7- (2Fy 'pO 2 ; £ S = - 422 

cS-2-+^-~C0T« £=£ 5 + 2.3^r(4F)-logP(C0 2 ) + 2^7(2£)-» P 0- fS " " 1« 

CO (g) — 2e + 20 2 ~ Cof (g) E= £ l+ 2.3*r(2F)- Mog iKCOJPiCOW.lRT (2£)- 'pO»- £ ? = - -559 

H?(gT-2e-^0-^H,d(g) £=£g + 2.3^r>(2F)-' log (P(H 2 Q)/P(H 2 )) + 2.3/^r(2F)- 'pO 3 - Eg= -1.514 



Main chlorination equilibria and values of their equilibrium constants (molality scale; partial pressure, atm; T, KL) 



Gaseous mixture 

Cl 2 (g) + 0 2 (g) 
Cl 2 (g) + C(s) 
Cl 2 (g) + CO(g) 
HC1 (g) + H 2 0 (g) 

HCl (g) + CO(g)+H 2 (g) 
HC1 (g) + H 2 (g) + H 2 0(g) 



Equilibrium 



Log K° 



Cl 2 (g) + O 2 - «- I /20 2 (g) + 2CI - 
Ci 2 (g) + 1/2C (s) + 0 2 ~ ~ l/2C0 2 (g)+2Cl~ 
Cl 2 (g)+ CO (g) + O 2 - «-> C0 2 (g) + 2C1" 
2HC1 (g) + O 2 " ~ H 2 0 (g) + 2C1 " 

2HC1 (g)+CO (g) + 0 2 ~ ~C0 2 (g) + H 2 (g) + 2d- 
2HC1 (g)+ 1/2H 2 (g) + O 2 - ~ H 2 0 (g) + 2C1- 



(-2F/2.3RT) E°{\f20J0 2 -) - 5.71 
{-2F/23RT) E°(C02lC) = 18.27 
(-2F/2.3RT) £°(C02/CO) = 19.1 1 

2 log P(HCI)-log P(H 2 0)-p0 2 " - 5.9 (P(HC1) - 1 atm; 
P(H 2 0) = 10- 2 atm) 

(2F/23RT) [E<>(2HC\fHJ-Eo(C0 2 fCO)) = 6.45 
(2£/2.3*7*) [£°(2HC1/H 2 )-£°(H 2 0/H 2 )] = 5.89 



. (20) 



This value indicates that the reaction is: 
2Ti 3+ +30 2 -~Ti 2 0 3 (s) 

and it can be deduced that no oxychloride species were 
stable under the conditions used. This is in agreement 
with the thermodynamic data. 

From the mass balance equations: 

[0 2 -] bulk - [0 2 -] add - 3tTi 2 0 3 ] ppt (21) 

[Ti(III)] bu , k = [Ti(III)L iti a. - 2[Ti 2 03]pp t (22) 
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Fig. 14. Potential-pO 2 " diagram for some gaseous mixtures in 
CaCI, + NaCl equimotar mixture at 550°C at partial pressures in 
range" 1-10 ~ 3 atm. Mixtures: I: Cl 2 + 0 2 ; II: Cl 2 + CO; III: Cl 2 + 
C(s); IV: HCl + H 2 0; V: HCl + H 2 0 + H 2 ; VI: HCl + H 2 + CO. 



and with the expression of the solubility product, 
K^^tTiail^iJO 2 -]^!^ we can derive an equation 
for the titration curve: 

[O 2 " ] 5 - 2c 0 (a - 3/2)[0 2 "] 4 + c 2 (a - 3/2) 2 [0 2 "] 3 
_9/4K s2 = 0 (23) 
The K s2 value was calculated by applying the corre- 
sponding equation of the titration curve to the experi- 
mental points obtained during the titration of solid 
TiCl 3 by O 2 " before the equivalence point. Under these 
conditions, Eq. (23) can be written as follows: 



(24) 



pO 2 " =ilog[K s2 /c 2 ^l-|ay] 

c 0 being the initial TiCl 3 concentration. 

The mean value of pK s2 obtained from different 
titrations is shown in Table 8. 

It was not possible to study experimentally the stabil- 
ity of Ti0 2 due to the instability of Ti(IV) solutions in 
our melt. However we have determined it by means of 
the stability constant Kf for the reaction between pure 
compounds: 

Ti0 2 (s) + 2Na 2 0 (s)<-Ti0 2 (s) + 4NaCl (s) (25) 
by using the relation: 

pK s 3 = pK s * 3 + 2 log f(Na 2 0) - 4 log a(NaCl) (26) 
where pKf 3 was calculated from the chemical potentials 
given in the literature [58]. The activity coefficient of 
Na 2 0 was derived from obtained experimental data. 
The value so obtained is given in Table 8. 



AM. Martinez et at. /Journal of Electroanalytical Chemistry 449 (1998) 67-80 



The data given in Table 8 as well as the standard 
potential values of the electrochemical couples Ti(III)/ 
Ti(II) and Ti(II)/Ti(0) (obtained previously in Sections 
3.1.2 and 3.1.3, respectively) were used to build up the 
equilibrium potential-acidity diagrams for Ti-O com- 
pounds (Fig. 13 and Table 9). It clearly shows the great 
stability of (II) and (III) oxidation states of titanium as 
well as the strong acidity of titanium chlorides. 

3.3. Chlorinating and oxidizing powers of gaseous 
mixtures 

As it was done in earlier studies in the LiCi 4- KC1 
eutectic [59-63], we have characterized several gaseous 
mixtures that can be used as chlorinating agents ac- 
cording to their oxoacidic and redox properties (Tables 
10 and 11). Among them, we can distinguish two 
groups of reagents on the basis of the range of pO 2 " 
conditions that they produce (see Fig. 14): 

• Group I. It gives pO 2 " values in the range 5.7-12.5 
and includes chlorine-based mixtures (Mixture I) 
which are strongly oxidizing and hydrogen-based 
mixtures (Mixtures V and VI) which are reducing 
(potential value close to — 1.5 V). 

• Group II. It comprises CO(g) + Cl 2 (g) mixtures and 
phosgene. These are the most reactive (i.e. the most 
strongly chlorinating and oxidizing agents). A simi- 
lar effect is obtained with chlorine in the presence of 
solid carbon. 



4. Conclusions 

Our study confirms the stability of the oxidation 
states of titanium: 0, II and III in the equimolar 
mixture CaCl 2 + NaCl at 550°C. Ti(IV) was found to 
be unstable in the melt, probably due to the low 
solubility of gaseous TiCl 4 . 

Using electrochemical techniques it was possible to 
determine accurately the kinetic parameters characteriz- 
ing the mass and the charge transfers occurring in the 
electrochemical reduction of Ti(III) and Ti(II) ions at 
different substrates. 

The results showed that mass transport towards the 
electrode is a simple diffusion process and that the 
diffusion coefficients of both electroactive species (Ti- 
(III) and Ti(II)) are close to each other, which is in 
agreement with the results obtained by other authors in 
other molten chlorides. However, discrepancies were 
found in the kinetics of the processes. We have calcu- 
lated the values of the charge-transfer kinetic parame- 
ters from the logarithmic analysis of convoluted curves 
by applying the equations corresponding to a quasi-re- 
versible process in both Ti(III)/Ti(II) and Ti(II)/Ti(0) 
exchanges and also by using a simulation computer 
program in the case of the soluble-soluble system. The 
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values of the k° and a so obtained showed that al- 
though both electrochemical systems are quasi-re- 
versible at all the substrates studied, the Ti(III)/Ti(II) 
exchange is closer to the reversibility than the titanium 
electrodeposition process. That can also explain why 
Eq. (17) leads to lower values of the Ti(II) diffusion 
coefficients than those calculated by other electrochemi- 
cal techniques such as convolution or 
chronopotentiometry. 

Chronoamperometric studies indicated instantaneous 
nucleation and crystal growth of titanium at tungsten 
electrodes. 

Since in the reversibility studies of the Ti(II)/Ti(0) 
system we use criteria corresponding to the electrodepo- 
sition of an insoluble product which do not take into 
account the nucleation of the product phase, we can 
think that the quasi-reversibility of that exchange can 
be due to the nucleation phenomena overpotential, or 
that this gives some irreversibility to the electrodeposi- 
tion process. However, we should emphasize that we 
have applied the reversibility criteria to those cases 
where under the given experimental conditions the nu- 
cleation phenomena do not occur. Therefore the values 
of the kinetic parameters are exclusively due to the 
quasi-reversibility of the process. 

The standard potentials of the redox couples Ti(III)/ 
Ti(II) and Ti(II)/Ti(0) have been determined by voltam- 
metry where the systems showed a reversible behaviour. 
The values so obtained were: E° v (Ti(II)/Ti(0)) = - 
2.013 ±0.030 V and E% (Ti(III)/Ti(II)) «- 1.945 ± 
0.030 V versus the CyCl^ electrode system, and 
allowed us to calculate the equilibrium constant, K, of 
the disproportionation of Ti(II): 

3Ti(II) <-> 2Ti(III) + Ti (s) (27) 
according to the equation: 

log K - 2F(E° X - EDI2.3RT (28) 

The value so obtained was K= 10 ~ 0 83 . 

On the other hand from the data given in Table 9, we 
could also verify that the other disproportionation reac- 
tions proposed by Chassaing et al. [14] do not take 
place under our experimental conditions. 

Moreover, the stability of titanium oxides was inves- 
tigated. The solubility products of both TiO and Ti 2 0 3 
were determined experimentally by potentiometric titra- 
tion of titanium (II) and (III) ions, respectively, by 
sodium carbonate. The pK s of titanium dioxide was 
determined combining experimental and thermody- 
namic data. 

The equilibrium potentials and values of standard 
potentials of redox systems of titanium as well as 
solubility products of titanium oxides were used to 
build-up the potential-pO 2 ~ diagram which summa- 
rizes the properties of Ti-O compounds in the melt 
studied, the equimolar CaCl 2 + NaCl mixture at 550°C. 
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From a comparison of this diagram and that from 
some gaseous mixtures it is possible to predict operat- 
ing conditions for the process of industrial production 
of metallic titanium from salt systems (chlorination of 
rutile and subsequent electrowinning of metallic tita- 
nium). It is evident that to chlorinate the very stable 
oxide Ti0 2 requires one of the most reactive mixtures, 
1 Cl 2 (g) + CO (g) (phosgene) or Cl 2 (g) + C (s). The 
product obtained is TiCl 4 , regardless of the partial 
pressures of the different gaseous components. 
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